Introduction
Megakaryocytes generate platelets through a highly-coordinated process requires membrane and cytoskeletal reorganization. 1 Important components for cytoskeletal reorganization are the RhoGTPase Cdc42, actin nucleator Wiskott-Aldrich Syndrome Protein (WASP), and actin-associated Arp2/3 complex. 2 Wiskott-Aldrich Syndrome is characterized by microthrombocytopenia, the mechanism of which is only partially known and may include both autoimmunity 3 and dysregulated platelet production. 4, 5 Also mysterious is the molecular machinery required for membrane remodeling in megakaryocytes that generate proplatelet protrusions.
The family of F-BAR (Fer/CIP4 homology -Bin, Amphiphysin, Rvs) domain-containing proteins bridges the membrane to the cytoskeleton. BAR domains sense and generate membrane curvature through interaction with membrane phospholipids. 6 An elongated dimer formed by the antiparallel interaction of two α-helical coiled-coils, 6 the bananashaped F-BAR domain promotes membrane tubulation of large size (>100 nm). 6, 7 The CIP4 gene encodes a protein with a C-terminal SH3 domain, an N-terminal domain with homology to protein tyrosine kinase Fes/Fer, and a sequence that binds active Cdc42. 8 We identified CIP4 in a yeast two-hybrid screening with the Src kinase Lyn as bait. 9 To determine CIP4's physiological role, we generated CIP4-null mice by disrupting the gene. 10 The CIP4-null mice appeared grossly normal but displayed decreased endocytosis.
10
Through its C-terminal SH3 domain CIP4 binds to WASP, and thus promotes actin cytoskeletal reorganization. 7, 11 Because loss of function in WASP results in thrombocytopenia, we investigated whether deficiency of CIP4 affects platelet biogenesis by remodeling the membrane and the actin cytoskeleton. Indeed, we found that CIP4-null mice displayed thrombocytopenia with a similar severity as that of WASnull mice. Loss of CIP4 conferred decreased cortical actin tension, similarly to WASP deficiency. However, different than WASP-null mice, loss of CIP4 led to impaired proplatelet formation, reduced megakaryocyte platelet fields, and plasma membrane stiffening. Thus, CIP4 facilitates the cytoskeletal and membrane remodeling that leads
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Methods

CIP4
-/-and WAS -mice. CIP4 KO male C57BL/6 mice aged 3 to 6 months, as previously described. 10 Their ethical use was approved by Northwestern Animal Care
Use Committee. The WAS-/ mice 12 were genotyped by flow cytometric quantification of WASP in blood lymphocytes. Rabbit anti-WASP polyclonal antibody was prepared against peptide (SSRYRGLPAPGPSPADKK) from murine WASP exon 7.
Cells. CHRF-288-11 cells 13 were cultured in IMDM (Gibco) supplemented with
Pen/Strep/Glutamax and 10% FBS. Differentiation for proplatelet-like protrusions was obtained by adding PMA (Sigma-Aldrich) or fibronectin (Sigma-Aldrich) as described. counting with the MegaCult-C assay, a total of 2.2X10e6 bone marrow mononuclear cells were used according to the manufacturer's instructions (StemCell Technologies,), with 50 ng/mL human thrombopoietin (TPO) and 10 ng/mL murine IL-3 (PeproTech).
Flow cytometry for ploidy. Bone marrow cells, flushed from femurs and tibias, were washed in PEB (PBS-EDTA-BSA) and incubated with anti-CD41-FITC (BD). Cells were then washed again in PEB and fixed in 0.5% para-formaldehyde. Cells were washed, permeabilized in 70% ice cold methanol, RNAse-treated, incubated with propidium iodide, then run on a BD-LSRII. Data were analyzed using FlowJo 7.6 (Tree Star Inc.).
Proplatelet formation.
Megakaryocytes from flushed bone marrows were cultured for 3 days in IMDM (Gibco) with 5% FBS and 50 ng/mL thrombopoietin, separated on a BSA gradient 15 and plated in 96-well plates at a concentration of 3000 cells per well. On day 4, megakaryocytes displaying proplatelets were scored by counting at least 300 cells per well, in at least 3 wells for each condition, using a microscope (Fisher Scientific) with a magnification of 200x. For proplatelet-like protrusion counts and measurements in CHRF-288-11 cells, cells were seeded at a concentration of 30000/mL and then exposed to PMA at 10 ng/mL overnight. Protrusion length was measured with ImageJ software (NeuronJ plugin).
Cell Transfection: CHRF-288-11 cells were transfected with a human CIP4-GFP plasmid (provided by James Goldenring) using the Amaxa Nucleofector II (Lonza) according to manufacturer's instructions, Kit L and program X-005.
For personal use only. on December 27, 2017. by guest www.bloodjournal.org Electron Microscopy. Femurs were collected from the mice and bone marrow was flushed into glutaraldehyde 2.5% in PBS. CHRF-288-11 cells were collected and fixed in glutaraldehyde 2.5% in PBS. Fixed samples were kept at 4°C and shipped to the Hospital for Sick Children in Toronto or to the Institut Gustave Roussy in Villejuif, and were further processed as previously described. 5, 16 Western Blot. Cell extracts were obtained from lysis in Laemmli buffer with β-mercaptoethanol, or lysed in Triton-X100. Proteins were transferred to Immobilon membranes (Millipore) and incubated overnight at 4°C with the primary antibody, then incubated with peroxidase-conjugated secondary antibody. Antibodies used in Western Blot were mouse anti-CIP4 (BD), goat anti-actin antibody (Santa Cruz), mouse anti-WASP (sc-5300 at 1/200), mouse anti-TOCA 1 (a gift from Dr Giorgio Scita, Milan), rabbit anti-FBP17 (Bethyl).
Fluorescence Anisotropy Studies. Cells were resuspended in PBS and labeled with 1 uM of 1-(4-(trimethylamino)phenyl)-6-phenylhexa-1,3,5-triene (TMA-DPH, Invitrogen) in chamber. The micropipette aspiration pressure was controlled through a home-made manometer. Cortical actin layer tension the pulls the cell into a spherical shape (with a radius, R c ). By finely tuning the suction pressure (P p ) relative to the pressure outside the micropipette (P 0 ), the cell is maintained in a spherical shape while the aspirated region is a hemisphere such that the aspiration length (L p ) is equal to the pipet radius (R p ).
Therefore the cortical tension (T c , with units of force per length) can be calculated by the law of Laplace : .
Statistical analysis. Student's t-test was used to compare the mean ± S.E.M., with the assumption of normal distribution, unless mentioned otherwise. Experiments were performed with n=3 (unless mentioned otherwise).
Results
Genetic ablation of CIP4 results in isolated thrombocytopenia.
By western blot we demonstrated the presence of CIP4 in primary megakaryocytes and the megakaryocytic CHRF-288-11 cells ( Figure 1A ). The staining of CIP4 was diffuse throughout the cytosol and proplatelets ( Figures 1B and 1C ). Partial colocalization of CIP4 and WASP occurred in both cytoplasm and the proplatelet swellings ( Figure 1C ). CIP4 translocated from the membrane cytoskeleton to the actin cytoskeleton, as did WASP ( Figure 1D ).
We analyzed C57Bl/6 male mice aged 3 to 6 months and found that they displayed thrombocytopenia to a similar degree as C57Bl/6 WAS-male mice (Table 1) . CIP4
-/-mice showed neither lymphocytopenia nor splenomegaly, adenopathy, nor runting.
There was no difference in the circulating half-life of in vivo Biotin-NHS labeled platelets from wild-type or CIP-null mice (performed as described, 28 data not shown), which argues against immune-mediated destruction of platelets. The platelet size did not differ between CIP4 -/-, WAS -/ mice and their wild-type littermates.
Loss of CIP4 does not affect megakaryocytic progenitor development. Histologic
sectioning of femurs showed no obvious features for megakaryocytes ( Figure 2A ). To
For personal use only. on December 27, 2017. by guest www.bloodjournal.org From study megakaryocyte progenitors, bone marrow cells were cultured from CIP4 -/-and WAS -/ mice and control littermates. On day 6, cells were stained with cholinesterase, and the number of CFU-MKs was counted. There was no difference between control and CIP4-null mice ( Figure 2B ), and no difference in ploidy distribution ( Figure 2C ). By flow cytometry, the number of CD41+ cells did not differ between CIP4-null and controls (1.7% ± 0.7 v. 1.5% ± 0.3). This indicated that CIP4 does not affect early megakaryocytopoiesis and suggested that the thrombocytopenia more likely reflects defective platelet biogenesis.
Loss of CIP4 decreases proplatelet formation. Bone marrow cells from CIP4-null mice
or their wild-type littermates were grown in suspension with thrombopoietin. At day 4, the percentage of proplatelet-forming megakaryocytes was measured ( Figure 3A ). The fraction of megakaryocytes displaying proplatelet protrusions was decreased, which was not seen in WASP KO megakaryocytes ( Figure 3A ). The decrease in percentage of CIP4-null megakaryocytes demonstrating proplatelets (40%) correlated with the decrease in platelet number (44%). Since CIP4 was previously shown to interact with tubulin, 11,29 we looked at the ability to form tubulin-driven loops at proplatelet tips, which is a critical component for proper proplatelet formation. 1 Proplatelet protrusions derived from CIP4-null megakaryocytes appeared normal in structure and stained with tubulin ( Figure 3B ). We did not notice an abnormal structure in proplatelets from WASP KO megakaryocytes from mice, in line with previous findings. 4, 5 We confirmed the reduction of proplatelet protrusions with loss of CIP4 in CHRF-288-11, a human megakaryocytic cell line that forms proplatelet-like protrusions with PMA treatment. The demarcation membrane system (DMS) 30 is rich in phosphoinositides, phospholipids that BAR proteins preferentially bind.
7 DMS comprises an intracellular membrane system of branching tubules and flattened cisternae.
30
Because F-BAR proteins polymerize around the lipid tubules, 6 we speculated that loss of CIP4 would not promote extensive tubulation. Transmission electron microscopy (TEM) identifies distinct regions within the cytoplasm of megakaryocytes that have been termed platelet territories, 31 or platelet-regions containing distinct α-granules surrounded by DMS.
Although it has been proposed that platelet territories gives rise to platelets via fragmentation, more recent studies suggests that platelets are formed via microtubule containing projections called proplatelets. 1 TEM of bone marrow showed ( Figure 5A ), reduced to missing platelet territories, suggesting defective DMS formation, in CIP4-null compared to their wild-type littermates (>50 megakaryocytes visualized). DMS membranes separating platelet territories were either poorly defined or missing in CIP4-null megakaryocytes, opposite to what was described for WASP deficiency. 4, 5 Occasionally, TEM revealed some platelet shedding, as had been described for WASP KO mice by Sabri et al. 5 However the abnormal DMS was the predominant abnormality Loss of CIP4 promotes membrane rigidity. As CIP4 links membrane and actin cytoskeleton, 6 we hypothesized that loss of CIP4 would affect membrane and cytoskeletal remodeling that leads to proplatelet formation. Cell membrane fluidity is inversely proportional to anisotropy values. 32 We measured anisotropy on cells labeled with TMA-DPH, a molecular probe that localizes specifically in plasma membrane. fluidity increased by 4% (range 2 to 6%) in control cells. However, no effect of PMA was observed in CIP4-deficient cells ( Figure 6A ). Fibronectin also increased membrane fluidity by 6 ± 1% in control CHRF-288-11 cells. In contrast, CIP4-deficient cells displayed a 3 ± 1% increase in membrane rigidity ( Figure 6B ). The effect of CIP4 loss was greater on membrane fluidity than that seen with knockdown of WASP. Knockdown of WASP showed less plasma membrane fluidity in response to PMA (the increase in fluidity was only 1.8 ± 0.7%). However, this effect was not found with fibronectin. We also performed simulations based on nuclear magnetic resonance (NMR) deuterium studies. NMR deuterium order parameters, S cd , were calculated from atomistic molecular dynamics simulations for the unsaturated phosphatidylcholine acyl lipid tails For personal use only. on December 27, 2017. by guest www.bloodjournal.org From studies revealed that the actin-rich cellular cortex is softer (due to decreased actin polymerization) in CIP4 or WASP-deficient cells. These differences were maintained even when cortical tension increased following PMA stimulation. Sometimes, the transparent region turned into blebs ( Figure 7C-F) . In controls, the transparent region was aspirated farthest into the micropipette and blebbing was rare. With CIP4 knockdown, cell swelling was observed under the isotonic condition, and repeated blebbing was observed in the inner transparent region inside the pipette (measurements shown on Figure 7B were performed before blebbing occurred).
DISCUSSION
Our studies demonstrate that loss of CIP4 resulted in thrombocytopenia, which was associated with decreased proplatelet formation. Biophysical studies revealed that loss of CIP4 produced a stiffer membrane and a softer actin cortical tension. Ultrastructural studies revealed poorly defined or missing DMS in CIP4-deficient megakaryocytes. Our findings identify CIP4 as a new component in the molecular machinery that remodels megakaryocyte membrane and generates proplatelets and suggests a new mechanism for the tubulation required for formation of the DMS.
The production of platelets from megakaryocytes requires a series of highly-coordinated processes involving membrane/cytoskeletal remodeling unique in the body. 6 This tight packing on curved membranes promotes membrane tubulation.
In addition, CIP4 brings together actin cortex with these plasma membrane deformations. We recently reported that invadopodia, a form of cellular protrusion, were decreased in breast cancer cells when CIP4 is knocked-down by siRNA. 41 Here, we observed decreased platelet fields in CIP4-null megakaryocytes when analyzing their ultrastructure. Since proplatelet formation depends on the membrane and cytoskeleton of the megakaryocyte, reduced DMS likely impairs proplatelet formation. Therefore not surprisingly did we also observe decreased proplatelet protrusions per megakaryocyte in primary megakaryocytes from CIP4-null mice. We reasoned that loss of CIP4 affected membrane remodeling. Indeed, fluorescence anisotropy and micropipette aspiration assays demonstrated a more rigid plasma membrane and a softer cell cortex. The relationship between 2H-NMR order parameters and elastic properties of the membrane has been experimentally established. 32 As the flexibility of the acyl chain decreases, the membrane adopts a more gel like phase. Interestingly, a previous work showed that TOCA1, a protein closely related to CIP4, binds preferentially to the more gel like/ordered membrane regions; however the gel phase was not an absolute perquisite for TOCA1-induced filopodia-like structure formation. 42 In contrast to spontaneous membrane undulations, a comparatively high level of energy is required to cause membrane bending. 43 Our findings of decreased cortical tension in cells with knockdown of CIP4 or WASP suggest that CIP4 provides a localization cue for engaging WASPtriggered cortex actin network contributing to platelet biogenesis; however besides cortical tension measurements CIP4 behave differently than WASP in regard to
For personal use only. on December 27, 2017. by guest www.bloodjournal.org From proplatelet formation, DMS formation and effect on plasma membrane order. Even though the difference in plasma membrane order induced by CIP4 depletion was small in our experimental data, it was statistically significant in experimental data and supported by theoretical computer-based simulation. This new finding supports that a change in membrane order at the molecular level will have repercussion in plasma membrane recycling at the cellular level, with eventually perturbing processes as membrane invagination (DMS) and subsequent proplatelet protrusion.
Insights have come from the analyses of hereditary thrombocytopenias -such as
Wiskott-Aldrich syndrome, where platelet size is small or those with giant platelet syndromes, including mutations of Myh9, 44, 45 Filamin-A, 46,47 and beta1-tubulin.
48
Because murine MPV is half that of human MPV, WAS-deficient platelets in mice are already small. Our studies here suggest that loss or mutation in the CIP4 gene would result in a non-X-linked form congenital thrombocytopenia, but the mouse strain cannot predict whether the platelets would be smaller.
Here, we report that gene disruption of CIP4 resulted in thrombocytopenia to a similar degree observed in WAS-null mice. The SH3 domain of CIP4 interacts with WASP.
11,29
We observed that loss of either CIP4 or WASP resulted in decreased cortical tension in megakaryocytes, suggesting at least one common mechanism in defective platelet biogenesis. While CIP4 contributes to T cell adhesion and migration 49 and to NK cell cytotoxicity, 29 we have not observed in CIP4 mice such a profound immunodeficiency similar to that of WAS-null mice. 50 WAS-null mice and CIP4-null mice also differ in regard to proplatelet and DMS formation in primary megakaryocytes. Thus, we conclude that CIP4's effects be due to cortical tension-related mechanisms, involving WASP, and also WASP-independent mechanisms on plasma membrane remodeling and membrane recycling. CIP4's role in megakaryocyte interaction with matrix could be subsequently studied.
In conclusion, we have found that lack of CIP4, a scaffolding protein that interacts with For 
Figure 2C
For personal use only. on December 27, 2017. by guest www.bloodjournal.org From Figure 5B
For personal use only. on December 27, 2017. by guest www.bloodjournal.org From For personal use only. on December 27, 2017. by guest www.bloodjournal.org From
Figure 7
For personal use only. on December 27, 2017. by guest www.bloodjournal.org From
